binding protein 1 regulates hippocampal-dependent memory and synaptic plasticity, Neuroscience (2018), doi: https://doi.org/10.1016/j.neuroscience. 2018.04.004 This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain. we investigated the role of CaBP1 in hippocampal-dependent behaviors using mice lacking 1 expression of CaBP1 (C-KO). By western blot, the largest CaBP1 splice variant, caldendrin, was detected in hippocampal lysates from wild-type (WT) but not C-KO mice. Compared to WT mice, C-KO mice exhibited mild deficits in spatial learning and memory in both the Barnes maze and in Morris water maze reversal learning. In contextual but not cued fear conditioning assays, C-KO mice showed greater freezing responses than WT mice. In addition, the number of adultborn neurons in the hippocampus of C-KO mice was ~40% of that in WT mice, as measured by bromodeoxyuridine labeling. Moreover, hippocampal long-term potentiation was significantly reduced in C-KO mice. We conclude that CaBP1 is required for cellular mechanisms underlying optimal encoding of hippocampal-dependent spatial and fear-related memories.
Ca
, CaM binds to and regulates numerous enzymes (Hell, 2014) , transcription factors (Finkler et al., 2007) , and ion channels (Saimi and Kung, 2002) . While CaM is widely expressed in most eukaryotic cell-types, a subset of these EF-hand proteins is also found primarily in neurons (Burgoyne and Haynes, 2012) . These include hippocalcin and neuronal Ca 2+ sensor 1, domains, but with one of them harboring an amino acid substitution that prevents Ca 2+ binding (Fig.1A) . Some CaBPs are highly expressed in retina, where they regulate photoreceptor synapse morphology and transmission , Liu et al., 2013 , as well as retinal ganglion cell responses to light (Rieke et al., 2008 , Sinha et al., 2016 .
CaBPs are also expressed in the cochlea (Cui et al., 2007 , Yang et al., 2016 , where they regulate the function of inner hair cells in sound coding (Schrauwen et al., 2012 , Picher et al., 2017 .
CaBP1 is a CaBP family member that is not only expressed in the retina and inner ear, but also at high levels in the brain (Laube et al., 2002 , Cui et al., 2007 , Kim et al., 2014 , Yang et al., 2016 . Alternative splicing gives rise to multiple CaBP1 variants that differ in their N-terminal regions. Of these, caldendrin is most abundant in the brain (Laube et al., 2002 , Kim et al., 2014 .
CaBP1 can compete with CaM for binding and regulating voltage-gated Ca 2+ channels (Hardie and Lee, 2016) , and also strongly inhibits Ca v 2.1 P/Q-type channels by inhibiting their activation and enhancing their inactivation (Lee et al., 2002) . By contrast, CaBP1 potentiates Ca v 1 L-type channels by suppressing their Ca 2+ -dependent inactivation (Zhou et al., 2004 , Zhou et al., 2005 .
Although the mechanisms underlying CaBP1 regulation of Ca 2+ channels have been explored in great detail in heterologous expression systems (Findeisen and Minor, 2010, Oz et al., 2013) , the function of CaBP1 in the brain remains unknown.
To fill this gap, we analyzed behavioral alterations in mice lacking expression of all CaBP1 variants (C-KO; (Kim et al., 2014) ). Because of the high expression of CaBP1 in hippocampus, we focused on hippocampal-dependent tasks (Laube et al., 2002 , Kim et al., 2014 . We show that C-KO mice exhibit alterations in spatial learning and memory, fear conditioning, survival of adult-born neurons, and synaptic plasticity. Our findings provide the first evidence for a role for CaBP1 in regulating information processing in the hippocampus, possibly through regulation of voltage-gated Ca 2+ channels and/or other targets.
Experimental Procedures

Animals
All experiments were performed in accordance with guidelines set by the Office of the Institutional Animal Care and Use Committee at the University of Iowa. The procedures used in this study are not expected to produce pain or suffering in the animals. Generation of C-KO mice was described previously (Kim et al., 2014) . Mice were maintained on a C57BL/6N (Envigo) background and housed in groups on a standard 12:12 hour light: dark cycle, with food and water provided ad libitum. For behavioral tests and adult-born neuron assays, both males and females from 10 to 18 weeks were used. The data obtained for males and females was combined only after confirming there were no significant sex-specific differences. Otherwise, the data from males and females used were analyzed separately. Males from 2-4 months old were used for electrophysiology experiments. A total of 504 (252 WT and 252 KO) mice were used in this study.
Western blotting
For preparation of hippocampal lysates, 10-16 week old WT (n = 12) and C-KO (n = 12) mice were anesthetized with isofluorane. Hippocampi were dissected in cold 1X PBS, and homogenized in CelLytic MT buffer (Sigma) supplemented with protease inhibitors. Tissues were collected by centrifuging at 100,000 x g for 30 min at 4°C. The pellet was resuspended and sonicated in binding buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM CaCl 2 , pH 7.3).
Samples were incubated for 30 min at 4°C, and then centrifuged at 10,000 x g for 10 min at 4°C.
The supernatant was collected, and protein concentration was quantified using BCA Protein Assay Kit (Thermo Scientific Pierce) to ensure equal loading of protein for western blots. Each sample was prepared from hippocampi collected from 2 males and 2 females. Hippocampal lysates were then incubated with 4X SDS buffer supplemented with DTT (20 mM) at 60 °C for 10 min.
Protein samples were loaded into NuPage Novex 4-12% Bis-Tris gels for electrophoresis and transfer to a nitrocellulose membrane (BioRad, Hercules, CA, USA). The membrane was blocked for 1 h at room temperature (RT) in blocking buffer (BB: 5% milk in 1X
TBST [50 mM Tris, 150 mM NaCl, 0.1% Tween 20, pH 7.4]). Blots were then incubated with antibodies against CaBP1 (UW72, 1:1000 diluted in BB; (Haeseleer et al., 2000) ) for 1 h at RT, and then secondary donkey anti-rabbit horseradish peroxidase antibodies (1:4000 diluted in BB;
GE Healthcare Cat# NA934, RRID:AB_772206) for 45 min at RT. The blot was rinsed with TBST between and after the antibody incubations. Western blot signals were visualized by incubating in chemiluminescence reagents (SuperSignal West Pico Chemiluminescent Substrate, Thermo Scientific) and exposing to autoradiography film.
Barnes maze test
Barnes maze was performed as described previously (Yin et al., 2014) . The testing apparatus consisted of a 91-cm gray circular surface with 20 holes (5 cm in diameter) equally spaced around the perimeter (Stoelting). The surface was raised to a height of 90 cm under brightly lit and open conditions, and a dark escape chamber was put under one of the 20 holes. A black circular curtain with four different and equally spaced visual cues was hung around the circular surface to provide orientation to the mice. The training was performed over 4 days with 4 trials per day. A trial ended when the mouse entered the escape chamber or when the allowed testing time (80 s) ended. Mice that did not find the platform were guided to the escape hole. A probe trial of 60 sec was conducted on day 5, during which the escape chamber was removed.
Measurements were acquired with Anymaze video tracking software (Stoelting). 54 WT (25 M and 29 F) and 52 C-KO (26 M and 26 F) mice were used.
Morris water maze test
Morris water maze testing was conducted as described (Vorhees and Williams, 2006) . A circular pool 4 ft in diameter was filled with room temperature water made opaque with white paint (Stoelting). The pool was surrounded by a black curtain, and 4 posters of different colors and shapes were hung on the curtain to serve as visual cues. During each training day, mice were put in one of four starting locations facing the pool wall and allowed to swim for 1 min. A trial ended when the mouse reached a visible platform or when the time ran out. At the end of the trial, the mouse was allowed to sit on the platform for 15 s before returning to its home cage.
Mice that did not find the platform within the time allotted for the trial were guided to the platform.
Four trials were performed in 1 day for 5 consecutive days. On day 6, a probe trial was performed with the platform removed. The mouse was placed in a position different from training trials and allowed to swim for 30 s. On day 30, a probe trial was performed on a subset of mice to test long-term memory. Reversal learning was performed on another group of mice by moving the platform to the opposite quadrant. Mice were trained as before for 5 days to learn behavior in a novel environment with different ceiling, floor texture, and odor, right before the 24 h test. Freezing was defined as absence of movement other than respiration and assessed by automated video tracking software VideoFreeze (Med Associates), and each animal was tested no more than twice.
For the experiments where the mice were exposed to 1 foot shock, 32 WT and 32 C-KO mice were used. Mice were divided into groups that were tested at either 1 h or 24 h after the learning trial and both groups were tested at 30 d. For experiments where the mice were exposed to 5 foot shocks, 58 WT and 63 C-KO mice were used. After the initial training trial, the mice were divided into 4 groups that were tested at different intervals after training: (a) either 1 h only, (b) 24 h only, (c) both 1 h and 24 h, or (d) both 23 h and 24 h after training. Testing at 23 h in a novel environment was not expected to affect the testing at 24 h. The freezing response of mice tested twice in the same training environment was compared with mice tested only once.
Since there was no significant difference between the groups, data from the mice that were subjected to repeated testing were combined.
To measure pain sensitivity to foot-shock, gross motor reactivity following the first footshock was quantified. The activity burst was quantified as peak activity during the first second following the initial foot-shock, using the Motion Index function (Video Freeze, Med Associates).
The activity burst is reported in arbitrary units.
Cued fear conditioning
Mice (17 WT and 17 C-KO mice) were placed in a near-infrared computerized video fear-conditioning system (Med Associates). After habituating the mice for 3 min, a 20-s tone (conditioned stimulus, CS, 8 kHz, 90 dB) was played and followed by a foot shock (1 s, 0.75 mA). We chose this tone frequency because there was no difference in hearing threshold between WT and C-KO mice, based on the auditory brainstem response tests. The tone and shock were delivered five times at 110 s intervals. Freezing behavior was measured during the entire training period. After 24 h, mice were placed in a chamber with distinct appearance, floor texture, and odor compared to the conditioning chamber, and freezing behavior was monitored for 6 min. After 3 min of habituation (pre-CS), the CS tone was played continuously for 3 min.
Freezing was assessed as described for contextual fear conditioning. A different cohort of mice were used for these experiments and the contextual fear conditioning experiments.
Open field test
Mice ( 
Light/ dark box test
Mice (n = 47 WT,48 C-KO) were placed in a light/dark box (40 cm W x 40 cm D x 35 cm H, Stoelting) for 10 min. General motor ability (distance traveled and speed) and anxiety-related behavior (time in the light or dark chamber) were recorded using software Anymaze video tracking software (Stoelting).
Elevated plus maze
The 
BrdU staining
Labeling of newly born neurons with 5'-bromo-2-deoxyuridine (BrdU, Sigma-Aldrich) was performed as previously described . Mice (n = 9 WT,9 C-KO) were given intraperitoneal injections of the thymidine analog bromodeoxyuridine (BrdU, 150 mg/kg/d) once.
After 30 d, mice were euthanized by transcardial perfusion with 4% paraformaldehyde in PBS at pH 7.4 (PFA). rain ere di e ted and immer ed in o ernight at C, cryoprotected in 30% sucrose in 1X PBS, and cryosectioned into 40 µm free-floating sections. Sections were blocked with 50% formamide/2× saline-sodium citrate (SSC) at 65°C for 2 h, one wash in for 5 min and in l at C for 30 min. Sections were processed for immunohistochemical staining with mouse monoclonal anti-BrdU (1:100, Roche). The number of BrdU+ cells in the entire dentate gyrus subgranular zone (SGZ) was quantified by counting
BrdU+ cells within the SGZ and dentate gyrus in every fifth section throughout the entire hippocampus, and then normalizing for dentate gyrus volume using Nikon Metamorph and NIH ImageJ software with appropriate conversion factors.
Electrophysiology
Mice (n = 7 WT, 6 C-KO; 2-4 month old males) were anesthetized with a mixture of ketamine, xylazine, and acetopromazine (100, 15, and 5 mg/kg body weight, respectively) and intracardially perfused with ice-cold cutting solution containing (in mM): 28 NaHCO 3 , 1.25
NaH 2 PO 4 , 2 KCl, 7 MgCl 2 , 0.5 CaCl 2 , 7 d-glucose, 220 sucrose, 1 acetic acid, and 3 sodium pyruvate pH 7.4, bubbled with carbogen. The brain was dissected and sectioned into coronal slices (375 µm) with a vibratome (OTS-5000, Electron Microscopy Sciences) in ice-cold cutting solution. After sectioning, the slices were transferred to artificial cerebrospinal fluid (ACSF) containing (in mM): 125 NaCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.5 KCl, 1 MgCl 2 , 2 CaCl 2 , 25 Dglucose, pH 7.4. The brain slices were incubated at 34 °C for 30 min in ACSF before allowing to recover for at least 30 min at RT before recording. All chemicals were obtained from Sigma.
For recording, brain slices were mounted into a recording chamber and visualized on an Olympus BX51 microscope with water-immersion 40x objective. Field excitatory postsynaptic potentials (fEPSPs) were recorded with a HEKA (Lambrecht/Pfalz, Germany) EPC 10 amplifier using Patchmaster V2x73.3 (HEKA) on a Windows operating system, with the gain set to Vmon*100. Recording electrodes were filled with standard ACSF, with a pipette resistance of 4-8 mOhm. Stimulating electrodes were standard recording electrodes broken to a tip size of 10-20 µm. Stimuli were applied via DAC control with Patchmaster, using a Digitimer DS3
(Hertfordshire, England) current stimulator. The recording electrode was placed in stratum radiatum of the CA1 region, and a monopolar stimulating electrode in stratum radiatum.
Stimulus intensity was adjusted to give an approximately 1 mV fEPSP to monitor the response, and during the potentiating tetanus stimulus intensity was increased by 1.5x. A 1-sec, 100-Hz tetanus was applied twice, with a 20 s interval. All analysis was conducted using custom macros in IGOR (Wavemetrics, Lake Oswego, Oregon) and GraphPad Prism 7.0 (La Jolla, California).
Experimental design and statistical analysis
For all experiments except the electrophysiology experiment, equal numbers of male and female mice were used. Statistical analysis was done with GraphPad Prism software 7 where SS is the sum of squares. Error bars represented standard deviation (SD) for scatter plots and standard error of the mean (SEM) for other graphs.
Results
Caldendrin is the major CaBP1 splice variant expressed in the hippocampus
Alternative splicing of exons 1 and 2 of CaBP1 gives rise to variants that differ in sequence from the N-terminal to the first EF-hand domain (Fig.1A) . C-KO mice were generated using a targeting construct that disrupts expression of all CaBP1 splice variants (Kim et al., 2014) .
Antibodies recognizing all CaBP1 variants strongly label pyramidal neurons and interneurons in the hippocampus (Kim et al., 2014) . By quantitative PCR, caldendrin, which has the longest Nterminal domain (Fig.1A) , is the splice variant most highly expressed in mouse brain (Kim et al., 2014) . To verify this at the protein level, we performed western blotting of hippocampal lysates of WT and C-KO mice. Consistent with previous detection of caldendrin in western blots of the mouse forebrain (Kim et al., 2014) , bands were detected at 33-and 38-kDa in hippocampal lysates of WT but not C-KO mice (Fig.1B) . The two proteins are likely products of alternative start sites (Kim et al., 2014) . The lack of bands corresponding to the shorter CaBP1 variants (~18-and 27 kDa; Fig.1B ) agrees with the overall low levels of their corresponding mRNAs in mouse brain (Kim et al., 2014) .
Spatial memory and reversal learning is impaired in C-KO mice
Based on the abundance of CaBP1 in the hippocampus (Laube et al., 2002 , Kim et al., 2014 , we hypothesized that CaBP1 may play a role in hippocampal-dependent learning and memory.
To test this, we compared the performance of WT and C-KO mice in the Barnes maze, which is commonly used to assess spatial learning and memory (Barnes, 1979) . In this assay, mice are placed on a circular table with holes equally spaced around the perimeter, one of which contains an escape chamber. Mice were trained for 4 consecutive days to locate the escape chamber based on visual cues around the table. On day 5, mice were then tested for their memory of the location of the hole with the escape chamber removed ( Fig. 2A) . We evaluated the number of entries into the escape zone (4 cm surrounding the escape hole) and also how much time mice spent in this region (Fig.2B,C) . While there was no difference between WT and C-KO female mice in this assay, C-KO males made fewer entries and spent less time within the escape zone compared to WT males (Fig.2B,C) . These results suggest a role for CaBP1 in regulating spatial memory of males but not females.
To follow up on this result, we used a second test of spatial learning and memory-the Morris water maze (Morris, 1984) . In this assay, mice were trained for 5 days to swim to a hidden platform submerged in a pool of opaque water using visual cues, and then tested on the 6 th day for their ability to locate the previous placement of the platform, which was removed from the pool. Despite the results on the Barnes maze (Fig.2) , there were no sex-specific differences or differences in WT and C-KO mice in the ability to locate the platform in this assay (data not shown). To test whether plasticity of spatial memory might be affected in C-KO mice, we performed a variant of the Morris water maze that tests the ability to extinguish a previous memory while acquiring a new one (Vorhees and Williams, 2006) , which is routinely applied in our laboratory (Voorhees et al., 2017) . In the reversal learning assay, mice subject to the standard Morris water maze were subsequently trained for an additional 5 days to learn a new location of the platform, and then subjected to another memory test on day 6 (day 12 after the initial training period; Fig.3A ). In this more rigorous experimental paradigm, C-KO mice took longer than WT mice to find the platform (Fig.3B ) which was not due to any differences in swim speed between C-KO and WT mice (Fig.3C ). C-KO mice also made fewer entries (Fig.3D ) and spent significantly less time (Fig.3E ) in the target zone on the test day. Thus, reversal learning is significantly impaired in the absence of CaBP1.
Contextual fear conditioning is enhanced in C-KO mice
In addition to its role in spatial memory, the hippocampus also participates in contextual fear conditioning (Phillips and LeDoux, 1992) . In this form of associative learning, mice are placed in a novel environment (conditioning stimulus, CS) that they learn to associate with an aversive stimulus, in this case a foot shock (unconditioned stimulus, US). The level of conditioned fear is represented by the amount of time mice spend freezing (Curzon et al., 2009 ). When only one foot shock was used (Fig. 4A) , there was no difference in freezing time between WT and C-KO mice during training (Fig. 4B) , or 1h, 24 h, or 30 d after training (Fig.4C-E) . To determine whether fear-conditioning might be altered in C-KO mice exposed to a stronger conditioning paradigm, mice were then trained with 5 foot-shocks (Fig.5A ). Compared to WT mice, C-KO mice showed significantly increased freezing time during training (Fig.5B ), but not 1 h after training (Fig.5C ). However 24 h after training, freeze times of C-KO mice were significantly longer than for WT mice (Fig.5D ). These results suggested that while short-term fear memory was not affected in C-KO mice, there is enhanced long-term fear memory in C-KO compared to WT mice. When the mice were placed in a novel chamber distinct from the CS chamber 23 h after the training and before the 24 h test, there was no difference in freeze time of WT and C-KO mice (Fig.5E ). After the first foot shock the gross motor activity of WT (2528 ± 185 a.u., artificial unit) and C-KO (2519 ± 221 a.u.) was similar (data not shown). This result argues against a role for increased pain sensitivity in the enhanced freezing responses of C-KO mice.
Taken together, our findings indicate that C-KO mice exhibit heightened freezing responses that are specific to the context in which the fear memories were acquired.
Cued fear conditioning is not affected in C-KO mice
To further evaluate if the enhanced freeze time in context fear conditioning is amygdaladependent, we also analyzed cued fear conditioning, an alternative form of fear condition that also involves the microcircuitry of the central amygdala but does not depend on the hippocampus (Ciocchi et al., 2010) . Training consisted of exposing mice to 5 tones (CS) paired with foot-shocks, followed by testing their freeze time in a novel environment with and without presentation of the tone (Fig.6A ). There was no difference in freeze time between WT and C-KO mice during the training or the testing (Fig.6B,C) . Therefore, the alterations in fear conditioning in C-KO mice are specific for contextual (processed by the hippocampus) and not cued auditory cues.
C-KO mice exhibit a mild-anxiety phenotype
The greater freezing behavior of C-KO mice during the 5-shock conditioning paradigm (Fig.5A) may have resulted from greater anxiety in these mice. To test whether C-KO mice exhibit greater anxiety-like behavior, we performed the open field test in which mice are placed in an open chamber. In this test, the time spent along the perimeter and in the center are bidirectionally associated with anxiety. C-KO mice spent slightly but significantly more time around the edges and less time in the center of the chamber (Fig.7A) , consistent with greater anxiety in C-KO than WT mice. However, increased anxiety-like behavior was not detected for C-KO mice in other assays. For example, in the light/dark box test, there were no differences in the time spent by WT and C-KO mice in the light or dark chambers (Fig.7B) . Moreover, there were no differences in the time spent by WT and C-KO mice in the open and closed arms of the elevated plus maze (Fig.7C ). This distance traveled by C-KO mice was also similar to that of WT mice in all these tests (Fig.7A-C , right panels), suggesting no locomotion defects in C-KO mice. These results suggest that C-KO mice exhibit a mild anxiety phenotype.
Adult C-KO mice have reduced numbers of newborn hippocampal neurons and impaired hippocampal LTP
In the subgranular zone of the dentate gyrus within the adult hippocampus, the birth of new neurons and their integration into the hippocampal circuitry is thought to be important in the control of anxiety-and fear conditioning behavior (Saxe et al., 2006 , Revest et al., 2009 , Snyder et al., 2011 , as well as spatial memory (Snyder et al., 2005) . To determine whether adult neurogenesis and/or neuron survival was altered in C-KO mice, we tracked the number of surviving newborn neurons in WT and C-KO mice using bromodeoxyuridine (BrdU) to label proliferating cells. Thirty days after the BrdU injection, we analyzed the cryosections through the dentate gyrus for BrdU-positive cells (Fig.8A ). There was a significant (~40%) reduction in the number of BrdU-labeled cells in C-KO compared to WT mice (Fig.8B,C) . Thus, CaBP1 plays a role in augmenting the net magnitude of newborn neurons in the adult hippocampus.
Long-term potentiation (LTP) is a form of synaptic plasticity associated with spatial memory (Lynch, 2004) and contextual fear learning (Huerta et al., 2000 , Rampon et al., 2000 .
To determine whether LTP was altered in C-KO mice, we measured field excitatory potentials (fEPSPs) in the CA1 region of the hippocampus using a classical LTP induction protocol. In WT brain slices, high-frequency tetanic stimulation the Schaffer collateral pathway produced robust LTP, as indicated by the long-lasting increase in slope of the field excitatory postsynaptic potentials (fEPSPs) in the CA1 region of WT hippocampal slices. By contrast, the same paradigm produced little change in fEPSP slope in C-KO slices (Fig. 9) . Thus, weak LTP may contribute to the alterations in spatial memory and fear conditioning in C-KO mice.
Discussion
CaBP1 contributes to optimal spatial learning
The subtle impairment of spatial learning of C-KO males but not females in the Barnes maze (Fig.2) suggests a sex-specific role of CaBP1 in spatial memory. Male mice perform better than female mice in some spatial memory tasks (Jonasson, 2005, Bettis and Jacobs, 2009) , and ovarian hormones impair performance of female rats in the Morris water maze (Snihur et al., 2008) and diminish hippocampal LTP (Bundy et al., 2017) . Although sex differences in the expression pattern of CaBP1 in the brain have not been reported, CaBP1 has been implicated in regulating activity-and NMDA receptor-dependent gene transcription (Dieterich et al., 2008) .
Considering that there are major differences in hippocampal gene expression patterns in males and females (Bundy et al., 2017) , it is intriguing to speculate that loss of CaBP1 may compromise the expression of male-specific genes controlling spatial memory. Future analyses comparing sex-specific gene expression differences in the hippocampus of C-KO mice will shed light on this possibility. The lack of sex-specific effect in the other two hippocampal-dependent behavioral tests could also be explained by the level of stress animals encounter, or different brain circuits recruited.
The mild deficit in reversal learning of C-KO mice in the Morris water maze suggests an impairment in cognitive flexibility in that C-KO mice did not adapt their behavior to find the new location of the platform as well as WT mice were able to do (Fig.3) . Impaired reversal learning and LTP have been associated with dysregulation of Ca 2+ signaling, such as in mice with altered expression of Ca 2+ -CaM-stimulated adenylyl cyclases (Zhang et al., 2011, Zhang and Wang, 2013) . Moreover, subchronic treatment with psychomimetic drugs cause deficits in reversal learning and significant reductions in hippocampal expression of the Ca 2+ buffering protein parvalbumin (Zhang and Wang, 2013) . Notably, CaBP1 is expressed both in pyramidal neurons and parvalbumin-positive interneurons in the hippocampus (Kim et al., 2014) . Thus, CaBP1 may regulate reversal learning through expression in multiple cell-types.
CaBP1 regulates contextual fear learning, the number of newborn neurons, and LTP
CaBP1 is highly expressed in neurons in the amygdala (Laube et al., 2002) , which is a key component of the neural circuitry underlying cued fear conditioning (Phillips and LeDoux, 1992) .
Nevertheless, C-KO mice did not differ from WT mice in their freezing responses to auditory cues (Fig.6) . Thus, the enhanced freezing responses of C-KO mice in response to foot-shocks both during and 24 h after training ( (Fig.7) . Moreover, when placed in a novel environment after the training period, C-KO and WT mice exhibited similar levels of freezing behavior (Fig.5E ). These results suggest that the increased fear responses of C-KO mice are specific to contextual fear learning,
and not a consequence of heightened anxiety.
The deficits in newborn neurons and LTP in C-KO mice are consistent with the impairment in spatial memory in these mice (Lynch, 2004 , Snyder et al., 2005 . At the same time, enhancements in contextual fear learning are generally associated with an increase in LTP (Schuette et al., 2016) (Jacob et al., 2012) and adult neurogenesis (Song et al., 2016 , Sun et al., 2016 . The apparent incongruence of the contextual fear conditioning and neurogenesis/LTP phenotypes in our C-KO mice may arise from a shift in the neural substrates underlying contextual fear learning. Previous studies suggest that the hippocampus may prevent acquisition of context learning by other regions of the brain. For example, lesions of the dorsal rat hippocampus impair but do not abolish contextual fear learning (Wiltgen et al., 2006) . The implication is that other brain areas, such as the prefrontal cortex and amygdala (Rozeske et al., 2015) may ompen ate for the la k of the hippo ampu ' ontribution to ontextual fear encoding. Similarly, the deficiency in hippocampal LTP in C-KO mice may release a brake on these extra-hippocampal circuits, leading to slightly enhanced contextual fear learning compared to WT mice (Fig.5) .
CaBP1: a modulator of neuronal Ca 2+ signals
The relatively minor effects of CaBP1 knock-down on contextual fear conditioning (Fig.5 ), spatial memory (Fig.2,3) , and anxiety-like behavior (Fig.7 ) may arise from multiple mechanisms.
First, C-KO mice are full knock-outs so CaBP1 expression is silenced in a wide variety of neuronal cell groups and from embryonic stages. Therefore, compensatory changes in cellular signaling pathways and neural circuit function may lead to more modest alterations in behaviors than might be expected in a conditional knockout. Second, CaBP1 may serve primarily to finetune rather than trigger or curtail Ca 2+ signaling pathways. A prime example is the regulation of Ca v Ca 2+ channels by CaBP1. CaBP1 strongly inhibits Ca v 2.1 P/Q-type channels (Lee et al., 2002) , which mediate presynaptic Ca 2+ signals that trigger neurotransmitter release in many brain regions, including the hippocampus (Wheeler et al., 1994) . CaBP1 also prolongs Ca 2+ currents mediated by Ca v 1.2 L-type channels (Zhou et al., 2004 , Zhou et al., 2005 , Tippens and Lee, 2007 . Ca v 1.2 is thought to be the dominant L-type calcium channel in the brain (Clark et al., 2003) , and mediates somatodendritic Ca 2+ signals coupled to gene transcription (Ma et al., 2013) , LTP and spatial memory (Moosmang et al., 2005) neurons that we uncovered in our study (Fig.8) , abnormalities in postsynaptic structural plasticity may contribute to the impaired learning/memory and LTP in both their and our C-KO mouse lines. Consistent with their findings, we did not find a robust anxiety phenotype in our C-KO mice (Fig.7) . However, our additional behavioral analyses confirm the importance CaBP1 in hippocampal function in that C-KO mice exhibit defects in spatial memory in the Barnes maze (Fig.2) and reversal spatial learning in the Morris water maze (Fig.3) , as well as enhanced longterm contextual fear memory (Fig.5) . Taken together, our findings corroborate and extend those of Mikhaylova in revealing a key role for CaBP1 in hippocampal-dependent synaptic plasticity and learning and memory.
Conclusions
Although the cellular and subcellular distributions of CaBP1 have been mapped in the brain of rodents (Laube et al., 2002 , Kim et al., 2014 and humans (Bernstein et al., 2003 , Bernstein et al., 2007 , our findings provide new insights into the neural function of CaBP1 in mice. Using C-KO mice, we show that caldendrin is the major CaBP1 variant expressed in the hippocampus (Fig.1) . C-KO mice exhibit mild impairments in spatial memory and reversal learning (Figs.2,3 ), but enhanced contextual fear conditioning (Fig.5) , which may result from reductions in newborn immature neurons and LTP (Fig.8,9 ). We conclude that CaBP1 is necessary for normal synaptic plasticity and the net magnitude of surviving newborn postnatal hippocampal neurons, which may underlie the behavioral abnormalities in C-KO mice. Experimental paradigm. Mice were placed in training chamber and after 3 min were exposed to a foot-shock. The mice were kept in the chamber for another 1 min. After the training trial (1 h or 24 h), the mice were exposed to the same training chamber for 4 min. After 30 days, all the mice were exposed to the same training chamber again for 4 min. Mice were placed in chamber and after 3 min were exposed to 5 foot-shocks at 1 min intervals. The mice were kept in the chamber for another 1 min before returning them to the home cage. After the training trial (1 h or 24 h), the mice were exposed to the same training chamber for 6 min; 23 h after the training, the mice were exposed In C, equal numbers females and males were used per genotype. 
